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Motivation Multi-messenger approach→ neutrinos

Motivation: SN physics not well understood

Core-collapse supernovae impressive astrophysical events
huge luminosity (LνSN ∼ 1020L�)
feed the galaxies with heavy elements
progenitors of the long soft gamma-ray bursts (GRBs)
accelerator of cosmic rays, ...

but not yet completely understood
explosion mechanism

delayed neutrino-driven [Buras et al., 2006, Bruenn et al., 2006, Marek and Janka, 2007]

magnetic-rotational (MHD) [Ostriker and Gunn, 1971, Leblanc and Wilson, 1970, Akiyama et al, 2003]

acoustic [Burrows, Livne, Dessart, Ott, and Murphy, 2006 and 2007]

r-process nucleosynthesis, ...

−→ what to do?
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Motivation Multi-messenger approach→ neutrinos

Motivation: multi-messenger astronomy required

a) improve simulations: 3D, multi-energy ν transport, GR, ...

b) observation: multi-messenger astronomy
: multi-wavelength analysis (radio, optical, X-ray, γ-ray)

information on: progenitor, circumstellar matter, acceleration of CRs, ...

: emitted from the inner layers→
conditions in the inner regions→ core
explosion mechanisms [E. Müller et al., 2004 , Ott, 2009, K. Kotake et al., 2009]
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Motivation Multi-messenger approach→ neutrinos

Motivation: multi-messenger astronomy required

[Ott, 2009]

GW Emission Potential Explosion Mechanism
Process MHD Mechanism Neutrino Mechanism Acoustic Mechanism

(rapid rotation) (slow/no rotation) (slow/no rotation)

Rotating Collapse
and Bounce strong none/weak none/weak

3D Rotational
Instabilities strong none none

Convection
& SASI none/weak weak weak

PNS g-modes none/weak none/weak strong
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Motivation Multi-messenger approach→ neutrinos

Motivation: multi-messenger astronomy required

a) improve simulations: 3D, multi-energy ν transport, GR, ...

b) observation: multi-messenger astronomy
Photons: multi-wavelength analysis (radio, optical, X-ray, γ-ray)

information on: progenitor, circumstellar matter, acceleration of CRs, ...

but ... only information about the outer layers

Gravitational Waves: emitted from the inner layers→
conditions in the inner regions→ core
explosion mechanisms [E. Müller et al., 2004 , Ott, 2009, K. Kotake et al., 2009]

but

difficult to disentangle from the noise
only nearby SNe observable (d . 100 kpc)

Neutrinos −→ why?
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Motivation Multi-messenger approach→ neutrinos

Motivation: Neutrinos ideal messengers

a) nice properties→ ideal messengers
neutral→ point back to the source
very weakly interacting σ(γ + e) ∼ 1019σ(ν + e)⇒

escape from deep regions in stars
not absorbed by the interstellar medium

⇒ flavor conversion νe ↔ νµ,τ → depends on the medium properties⇒
information on e.g. shock wave propagation

b) copiously created in SNe
SN core: low energy (MeV) neutrinos drive the deleptonization and
cooling towards the NS

: protons accelerated in the shocks collide with the gas→ π, K →
neutrinos [V. Berezinsky and Ptuskin, 1988, E. Waxman and A. Loeb, 2001]
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Emission

Energy balance

Gravitational binding energy ∼ GNM2

R ∼ O(1053) erg

∼ 0.01 % optical energy
∼ 1 % kinetic energy

∼ 99 % carried away by neutrinos
{

I all flavors : νe, νµ, ντ , ν̄e, ν̄µ, ν̄τ
I roughly equipartitioned

Duration

Spectra

but
Proto neutron star composition⇒ differences in the spectra

( hierarchy: 〈Eνe〉 . 〈Eν̄e〉 . 〈Eνx 〉 )

⇒ ν conversion→ observable effects
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Emission

Energy balance
Energy balance: O(1053) erg in all ν flavors

Duration
several seconds

[Totani, Sato, Dalhed and Wilson, 1998]

Spectra
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Emission

Energy balance
Energy balance: O(1053) erg in all ν flavors

Duration
Duration: several seconds

Spectra
Formation

[Keil, Raffelt and Janka, 2003]

but
Proto neutron star composition⇒ differences in the spectra
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Emission

Energy balance
Energy balance: O(1053) erg in all ν flavors

Duration
Duration: several seconds

Spectra
Parametrization

F 0
ν (E) ∝

(
E
〈E〉

)α
e−(α+1)E/〈E〉

〈E〉 ≈ 10− 20 MeV
pinching factor α ≈ 2− 5

[Keil, Raffelt and Janka, 2003]

but
Proto neutron star composition⇒ differences in the spectra

( hierarchy: 〈Eνe〉 . 〈Eν̄e〉 . 〈Eνx 〉 )
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Propagation
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Propagation

Schrödinger equation

i d
dr

(
να
ν̄α

)
= [Hkin + Hweak(r) + Hνν(r)]αβ

(
νβ
ν̄β

)

Possible neutrino flavor conversion in:

bipolar region : Hνν(rbip) ≈ Hkin

resonances: Hweak(rres) ≈ Hkin

High densities (H): ρ(rH) ∼ 103 g/cm3

Low densities (L): ρ(rL) ∼ 10 g/cm3

depending on

ν properties: θij , mass hierarchy
medium: ν fluxes, matter profiles
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Propagation

if ν background not important [Andreu Esteban-Pretel et al., 2007, 2008]

Normal ν mass hierarchy
(NH)

Inverted ν mass hierarchy
(IH)

ν flavor→ essential for detection
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Propagation

with ν bkgnd without ν bkgrnd

Inverted ν mass hierarchy
(NH)

Inverted ν mass hierarchy
(IH)
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Core-collapse Supernova Neutrinos Emission, Propagation and Detection

Neutrino Detection

Low-energy ν (MeV)
Cherenkov (Super-Kamiokande), scintillator (Borexino, KamLand), liquid Ar

ν̄e + p → n + e+(10000 at 10 kpc)
ν + e→ ν + e (300 at 10 kpc)
νe + 16O → X + e− (500 at 10 kpc)

High-energy neutrinos (& 1 TeV)
Neutrino Telescopes (Antares, IceCube), Extensive Air Showers (AGASA,
PAO), Nitrogen Fluorescence (HiRes, PAO)

muon tracks: νµ
showers: να
double bang: ντ

R. Tomàs (Universität Hamburg) Probing Core-collapse Supernova Physics with Neutrinos GWHEN 2009 16 / 29



Future Galactic Supernova Location and shock wave tracking
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Future Galactic Supernova Location and shock wave tracking

What could we learn from a future galactic SN?

ν properties
mass scale

mass hierarchy

θ13

µν

NSI

ν decay

sterile

arguments
time of flight delay

spectral distortion

energy loss

nucleosynthesis

neutronization burst

angular dependence

diffuse SN ν backg.

SN physics
location

distance

explosion
mechanism

cosmic star
formation rate

black hole
formation
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Future Galactic Supernova Location and shock wave tracking

Location: SN pointing with νe→ νe

Motivation: MeV-ν burst precedes optical→ Early Warning
early light observation
warning for noisier ν detectors (Antares, Icecube, ...)
gravitational waves detectors

Methods
Low energy: MeV-burst [A. Burrows et al., 1992, J. F. Beacom and P. Vogel, 1999, S. Ando and K. Sato, 2002]

triangulation δ cos θ ' 0.5

asymmetric
reactions

8>>><>>>:
∗ ν̄ep → ne+


e+ slight asymmetry : δ cos θ ' 0.2
n systematic dislocation (scint.)

∗ νe→ νe forward peaked : δθ . 8◦ (SK)
+ Gd (n tagging)→ . 3◦

High energy (TeV): km2 high-energy ν telescope δθ ∼ O(0.1◦)
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Future Galactic Supernova Location and shock wave tracking

Location: SN pointing with νe→ νe

Detector: SK-like

- reactions


ν̄e + p → n + e+ (7000− 11500)
ν + e→ ν + e (250− 300)
νe + 16O → X + e− (150− 800)

- angular resolution: Landau distribution εtag=0→`95'8◦ εtag=1→`95'3◦

[R. T, Semikoz, Raffelt, Kachelrieß, and Dighe, 2003]
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Future Galactic Supernova Location and shock wave tracking

Location: SN distance with the νe burst

shock wave reaches ν-sphere⇒ intense and short (∼ 20 ms) νe emission
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Future Galactic Supernova Location and shock wave tracking

Location: SN distance with the νe burst

robust feature⇒ standard candle [Kachelrieß, R. T, Buras, Janka, Marek and Rampp, 2005]
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Future Galactic Supernova Location and shock wave tracking

Location: SN distance with the νe burst

why? powerful if SN lightcurve is obscured by dust

is it feasible? ∆t ≈ 30 ms⇒ Megaton water Cherenkov (or big liquid Ar)

⇓

Result: Megaton detector + SN at 10 kpc⇒ ∼ 10 %
[Kachelrieß, R. T, Buras, Janka, Marek and Rampp, 2005]
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Future Galactic Supernova Location and shock wave tracking

Progenitor properties with accretion/cooling
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Future Galactic Supernova Location and shock wave tracking

Progenitor properties with accretion/cooling

accretion and cooling phase:
↓

ν flux depends on the progenitor
properties: mass, rotation, ...

⇓
ν-flavor flux determination

⇓
progenitor characterization
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Future Galactic Supernova Location and shock wave tracking

Shock wave propagation during cooling
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Future Galactic Supernova Location and shock wave tracking

Shock wave propagation during cooling

ν propagation depends on the medium conditions
shock wave passage strongly modifies the medium

⇓
ν propagation affected
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ν flavor conversion =⇒ shock wave tracking
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Future Galactic Supernova Location and shock wave tracking

Shock wave propagation during cooling

ν propagation depends on the medium conditions
shock wave passage strongly modifies the medium

⇓
ν propagation affected

only forward shock
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Future Galactic Supernova Location and shock wave tracking

Shock wave propagation during cooling

ν propagation depends on the medium conditions
shock wave passage strongly modifies the medium

⇓
ν propagation affected

forward + reverse shocks

only forward shock
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Summary

Summary

SN understanding→ multi-messenger astronomy→ ν’s
Ideal messengers

neutral particles⇒ point back the source
weakly interacting⇒ escape from the inner layers
flavor conversion⇒ sensitive to the medium properties

copiously produced in SN
TeV neutrinos in the outer shells
MeV neutrinos in the core

⇓
galactic SN + water Cherenkov detector:

pointing
{
− MeV− ν → 3◦ . . . 8◦ → early warning
− TeV− ν → O(0.1◦) + hint for acceleration mechanism

distance: robustness of neutronization burst→ ∼ 10% accuracy

SN explosion tomography: matter effects on ν oscillations
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Summary

Summary

That’s future→ in the meanwhile ...

diffuse SN ν flux (and nearby SNe) [Ando, Beacom, Lunardini, Sato, ...]

↓

constrain rate→ SNe, and might be NS binaries and dark GRBs??

a bit of patience: rate 1 every 30 years and the last one in 1987 ...
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